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SHORT COMMUNICATION 
Mechanical Damage Introduced into Aluminum Monocrystals 
During TEM Thin-Foil Preparation 
M. E. KASSNER*·t AND C. J. ECHERt 
*Department of Mechanical Engineering, Naval Postgraduate School, Monterey, 
California 93943; and :f:National Center for Electron Microscopy, Lawrence Berkeley 
Laboratory, Berkeley, California 94720. 
The mechanical damage that is introduced into annealed aluminum by 
the various steps used in the preparation of thin foils for transmission 
electron microscopy (TEM) is discussed. These steps are: (]) preparation 
of 3-mm discs by mechanical punching; (2) preparation of 3-mm discs by 
spark-cutting; and (3) intermediate thinning by hand-grinding discs to 
thicknesses of 500, 375, 300, or 200 µ,m. Often these steps precede the 
final electrochemical jet-thinning used to obtain perforated TEM foils. 
The mechanical damage produced by these steps was evaluated by com-
paring, in the TEM, thin foils utilizing one of these steps with other thin 
foils of annealed (undamaged) aluminum. Damage was manifested by an 
increased dislocation density. 
The mechanical punching was performed on a device machined at the 
Lawrence Livermore National Laboratory that was very similar to 
smaller, commercially available punches. The spark-cutting was per-
formed on a Metal Research LTD Servomet at a setting of 6 using a tubular 
brass cutting tool. Jet-thinning was done on a Struers Tenupol 2 using an 
electrolyte of 469 mL methyl alcohol, 25 mL H2S0 4 , and 6 mL HF at 265 
K. Thinning was performed at 25 V. The aluminum (99.999% pure) was 
provided by Highways International as plate (I x 100 x 100 mm). The 
plate was annealed at 723 K for 20 min in vacuum. The resulting average 
grain size was about 4 mm. Therefore, the discs that were punched, spark-
cut, and ground were smaller than the typical grain or monocrystal. 
t Currently on leave from Chemistry and Materials Science Department, Lawrence Liv-
ermore National Laboratory, Livermore, California 94550. 
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To determine the annealed (undamaged) structure of aluminum, we 
prepared foils using the following procedures, which we believe preserved 
the baseline condition: 
(I) A-I foils were jet-thinned to perforation from 3-mm discs that 
vacuum-annealed (723 K for 20 min) after mechanical punching and 
hand-grinding to 200 µm. 
(2) A-2 foils were jet-thinned to perforation from 500-µm-thick platelets 
that were produced by electropolishing a piece of annealed bulk 
plate (-1 X 5 x 15 mm, electropolished in 600 mL methyl alcohol, 
360 mL butylcellosolve, and 60 mL perchloric acid at 253 K and 
25V). 
These foils were examined on aJEOL 200CX operating at 200 kV. Neither 
of these preparation procedures appeared to introduce any mechanical 
damage; the observed dislocation microstructure was believed to be rep-
resentative of annealed material. The dislocation density, p, which was 
based on eight 10,000x micrographs, was found to be 4.12 x 1011 m- 2 
using the method of Ham and Sharpe [l]. This density (as well as al] , 
others cited hereafter) was determined from portions of foil that were 
typically 0.75 to 1.1 µm thick. This value of p for annealed aluminum is_ 
in general agreement with the accepted values for p in annealed, poly-
crystalline fee metals (1010 to 1012 m- 2 ). A TEM micrograph of annealed 
aluminum (A-2) is shown in Fig. !(a). 
In the next part of this study, several 3-mm-diameter discs were spark- -·' 
cut from the I-mm-thick plate and then vacuum-annealed at 723 K for 21) 
min to remove any mechanical damage that might have been introduced 
during the spark-cutting operation. The discs were then hand-ground, 
using No. 600 SiC paper, to different thicknesses: 
(I) G-1 foils-500 µm 
(2) G-2 foils-375 µm 
(3) G-3 foils-300 µm 
(4) G-4 foils-200 µm 
The sides of a disc were ground equally; all discs were then jet-thinned. 
The foils that were ground to 500 µm thick and then jet-thinned did not 
show substantial evidence of mechanical damage, as the dislocation den-
sity (5.10 x 1011 m- 2 ) was found to be essentially the same as that .in 
the annealed aluminum (A-2). However, grinding discs to 375 µm thick 
increased p to 12.4 x 1011 .m-2; grinding to 300 µm increased p to 15.6 
X 1011; and grinding to 200 µm increased p to 37.3 x 1011 m- 2 • TEM 
micrographs representative of the central regions of discs ground to these 
thicknesses are shown in Figs. l(b-e). 
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FIG. 1. Transmission electron micrographs of thin aluminum foils that were jet-thinned 
after various mechanical treatments: (a) no mechanical pretreatment, A-2; (b) ground to 500 
µm, G-1; (c) ground to 375 µm, G-2; (d) grouild to 300 µm, G-3; (e) ground to 200 µm, G-
4; (f) mechanically punched, P-1. 
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FIG.-1. (Continued') f 
The results suggest that some damage (increased dislocation density) 
is introduced at the center of discs ground to 375 to 500 µ.m thick. There:_ 
fore, damage_ associated with 600-grit grinding may occur at depths be,' 
tween 185 and 250 µ.m. The TEM results reveal that considerable damage 
is introduced to a depth of 100 µ.m. At this depth, p has been increased.-
by about a factor of ten. The damage depth is significantly greater than 
--- -! ' 
FlG. 1. (Continued) 
- 25 µ.m depth reported for silicon single crystals [2] and is also great, 
the 50 µ.m depth reported for 18-8 austenitic stainless _steel [3]. _ 
also investigated the damage introduced by mechamcal punchm 
spark-cutting: 
(I) For S-1 foils, 3-mm discs were spark-cut from the annealed 1-mn 
132 M. E. Kassner and C. J.Echer.·. 
thick plate, ground to 500 fJ-m thick using No. 600 SiC paper (little· 
or no damage introduced), and subsequently jet-thinned. 
(2) For P-1 foils, 3-mm discs were mechanically punched from a 500: ,, 
fJ,m platelet that was electrochemically thinned (as in A,2) from the 
!-mm-thick annealed bulk plate. The discs were subsequently jet-
thinned. · 
TEM examination did not reveal any mechanical damage in the spark' 
cut specimens, suggesting that the damage layer is less than 1.5 mm. This 
is consistent with the observations of spark erosion damage in niobium ', 
single crystals [4]. The mechanically punched specimen [Fig. l(f)J, how- i 
ever, revealed considerable damage. This contrasts earlier work [5], · 
which found that for annealed type 304 stainless steel (factor of 30 higher 
yield strength) mechanical punching did not appear to significantly dam- ·' 
age the central portions of a 3-mm-diameter disc that was punched from 
500-fJ,m-thick plate. 
Most of this work was funded by the ONRINPS Foundation Research} 
Program at the Naval Postgraduate School, Monterey, California. Some<, 
of the work was performed under the auspices of the US Department of 
Energy by the Lawrence Livermore National Laboratory under Contract.: 
W-7405-Eng-48. 
References 
1. R. K. Ham and N. G. Sharpe:, A sYstematic error'in the determination of dislocation: 
densities in thin films, Phi(Os. Mag. 6:1193 (1961). 
2. R. Stickler and G. R. .Bqoker, Sllrf~ce damage on abraded silicon specimens, Philos,:· 
Mag. 8:859 (1963). ·' , 
3. L. E. Samuels and G. R. Wallwork, The nature of mechanically polished metal surface_S, 
I. Iron Steel Inst. 186:211 (1957). ' 
4. H. D. Gpberman, Spark-machine damage in niobium single crystals as indicated by etc,h_j 
figures, J. Appl. Phys: 39:2975 (1968). ' 
5. M. E .. Kassner, Deformation in punched specimens of 304 stainless steel, Ser. MetalL ; 
17:425 (1983). · 1 
Received June 1985; accepted Septemher 1985. 
·-•- ··--------------
METALLOGRAPHY 19:133-134 (1986) 133 
Book Review 
Understanding How Components Fail, Donald J. Wulpi (American Soci-
ety for Metals, Metals Park, Ohio, 1985) $43.00. 
All persons involved with materials in one way or another are inevitably 
called on to make some, or perhaps numerous, failure analyses during 
their careers. In most instances, it is expected that the materials person 
will be able to ascertain reasons for the failure and also to prescribe actions 
that could beimplemented to prevent a similar occurrence. Because of 
the broad spectrum of possibilities or reasons that may contribute to each 
failure, and therefore because of the complex nature of performing an 
analysis of a failure, it is necessary to have a good text (i.e., a referC:nce 
book) on the subject. This book by Don Wulpi certainly fills the bill. 
The book claims to be written primarily for "those who have little or 
no prior knowledge of the principles of metallurgical failures." It certainly 
' should serve this need well, as many of the complex technical concepts 
associated with failures are explained in relatively simple terms. How-
ever, I believe considering the book simply as a primer for use by the 
novice largely understates its value. I believe it should find equal use by 
the experienced, professional analyst because the information and ex-
amples it contains can serve as useful references. 
The author describes the book as "a distillation of a lifetime of interest 
· in failures and the techniques used to prevent failures, in study of failures, 
and in teaching others how to identify failures and how to correct them." 
This vast experience is evident throughout the book-primarily showing 
up in the form of the many examples and real case studies that are 
included. 
The book is arranged into 14 separate chapters. Most chapters are on 
specific types of fracture mechanisms or failure modes, e.g., brittle frac-
ture, ductile fracture, fatigue fracture, wear, corrosion, and elevated tem-
w perature failures. Other chapters serve as a primary text on aspects of 
mechanical metallurgy that particularly pertain to the subject of failure 
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